however, were hampered by the fact that the actual extent of structural damage to the right wing was unknown. Although the controllability aspects could be reproduced within reasonable tolerances in the simulator, the performance aspects showed discrepancies. Especially the last minutes of the flight, and the subsequent loss of control, raised questions that were solved relying on the data of the DFDR. The origin of several anomalies in the flight control system, contributing adversely to the control of the aircraft, remained yet unknown. The analysis concluded that given the performance and controllability of the aircraft after the separation of the engines a successful landing was highly improbable 1 .
In 1997, the Division of Flight Control and Simulation of the Faculty of Aerospace Engineering of the Delft University of Technology (DUT) in the Netherlands performed an independent analysis of the accident 3 . The analysis applied modeling, simulation and visualisation techniques for a reconstruction of the flight mechanics of the aircraft using the DFDR pilot control inputs. DFDR data for the analysis was obtained from NLR and the Netherlands Aviation Safety Board 4 . The purpose of the analysis was to acquire an accurate estimate of the actual flying capabilities of the aircraft and to study alternative flight control strategies for a successful recovery.
Overview of the analysis
The analysis of the accident flight was performed using a Flight Data Reconstruction and Simulation (FDRS) method that applies the DFDR pilot control inputs to a detailed simulation model of the aircraft and flight control system. A model validation method using inverse simulation was used to obtain a best match of DFDR measurements and simulation. In this approach, the simulation model virtually 'flies' the accident profile, according to the pilot's control inputs, thereby reconstructing missing flight data and any fault events that led to the loss of the aircraft. The simulation environment, developed for the analysis, enabled to assess the flight mechanics and control effects by means of visualisation. Using the reconstructed model, failure mode and effect analysis was applied to the flight control system to investigate a degradation of the aircraft's rudder capabilities that was observed on the DFDR. The reconstruction method proved to be a practical tool for estimating the aerodynamic and overall flight mechanics effects of engine separation. Visualisation facilitated comparison with the DFDR data. The actual flying capabilities of the impaired aircraft were next investigated by applying alternative control strategies to the reconstructed model.
The reconstruction method applied during the analysis resulted in a simulation model of the impaired aircraft that matched reasonably well with the performance and controllability effects as recorded on the DFDR. The introduction of control loss could be visualised in detail using additional flight mechanical parameters. In this way the applied control inputs during the last flight stage could be analysed in addition to other flight mechanical aspects. Failure mode and effect analysis gave more insight into the performance of the flight control system before and after the separation of the engines. The actual flying capabilities of the aircraft to perform an approach and landing were examined using the reconstructed model and predefined control strategies. Results of the reconstruction were also used during a Dutch Parliamentary Inquiry on the accident in 1999 to substantiate additional data on the aircraft's flight path 5 . At the time of departure, the preferential runways consisted of runway 01L (Zwanenburgbaan) for takeoff and 06 (Kaagbaan) for landing. The aircraft was cleared for push back at 17:04 and taxied out at 17:14. The first officer was assigned as the pilot flying (PF). The takeoff from runway 01L was started at 17:21, and the aircraft was cleared by ATC for the Pampus departure.
At 17:27.30, while climbing through an altitude of about 6,500 feet, the aircraft encountered a separation of the engines no. 3 and 4. The captain took control of the aircraft. Following engine separation, the emergency call "mayday, mayday, mayday, we have an emergency", was transmitted by the co-pilot. The aircraft started a right turn to return to the airport for an emergency landing. According to eyewitnesses, dumping of the onboard fuel started immediately. Amsterdam Radar confirmed the emergency call and directed the flight during the emergency procedure. After the crew acknowledged their intentions, they were instructed to turn to heading 260.
At 17:28.17, the crew reported a fire on engine no. 3 and they indicated a loss of thrust on both engines 3 and 4. At 17:28.57, the aircraft was informed that the main runway for landing was runway 06. The wind at that time was 040  at 21 knots. The crew of the flight, however, requested the use of runway 27 for landing. Because the aircraft was only 7 miles from the airport at an altitude of 5,000 feet, a straight-in approach would not be possible. ATC instructed the crew to a heading of 360 degrees to fly a circuit and to descend to 2,000 feet. By then the wind was 050  at 22 knots. According to the DFDR, maximum available rudder was needed during the straight legs to counteract the yawing moment. The traces of the rudder control surface activity as a response to the rudder pedal inputs can be seen in figure 6 . In this figure, a limited control authority of the lower rudder is visible. From the DFDR it can be determined that lagging of the lower rudder started after the first turn, approximately 100 seconds after engine separation and at full left pedal (engine separation occurring at t=378 s). Pedal relaxation during turn initiations caused the lower rudder to follow the upper rudder again. At final loss of control and increasing roll angle, the DFDR shows a sudden increase of lower rudder deflection while the upper rudder stays behind at a smaller deflection. The above analysis taken into account, it is clear that the crew of the aircraft was confronted with a flight condition that was different from a nominal two engine out situation. For the heavy aircraft configuration at a relative low speed of 260 knots IAS, the DFDR indicates that flight control was almost lost at full pedal, 60 to 70% of maximum lateral control and at high thrust.
Performance capabilities
An energy analysis of the flight using the DFDR data 6 
Flight data reconstruction and simulation
In contrast to the foregoing analysis of the accident flight relying on the data of the DFDR, an analysis was performed utilising flight data reconstruction and simulation techniques. In this approach, the DFDR parameters were reconstructed by applying the DFDR pilot control inputs to an extensive simulation model of the accident aircraft. In particular, the following issues were covered in detail by the analysis: 
Controllability
The first notice on an engine failure will be a sudden yaw of the aircraft. If directional control is not applied, or with a fixed rudder deflection, thrust asymmetry will cause the aircraft to slip and to roll. The negative sideslip angle will create a positive rolling moment (right wing down).
Instant control compensation in an engine out condition may consist of: However, more lateral control margin is created due to the contribution of the increasing negative rolling moment due to sideslip. Straight and stationary flight at zero sideslip angle with a separation of the right wing engines is illustrated in figure 9 . This condition actually improves the available performance of the aircraft as the zero sideslip reduces drag. In addition, the required directional control is less demanding to sustain the flight condition. Lateral control margin is, however, reduced as no positive sideslip is available.
Performance
The simulation environment used for the analysis enabled a reconstruction of the maximum performance capabilities of the aircraft. The maximum performance capability indicates the aircraft climb capability, for the current condition, that is available with constant airspeed. The actual climb rate of the aircraft may not be equal to the maximum climb capability. In this condition the aircraft acceleration is not equal to zero. The maximum performance capability is calculated by differentiation of the aircraft's specific energy 6 . Or: 
Simulation environment
The simulation environment for the analysis is based on the Delft University Aircraft analysis, the simulation environment was extended to simulate separation of the right wing engines, incorporating all its associated system failures, and provided the capability to import DFDR pilot control inputs. In this setup, the reconstructed flight data was visualised in addition to any desired flight parameter that was not recorded by the DFDR. To account for the effect of the right wing damage, the aerodynamic model was extended with an estimate of the aerodynamic effects following the separation of the engines.
Model requirements
In general, analysis of impaired aircraft encountering one or more failure modes necessitates the definition of additional requirements to a simulation model of the aircraft. As impaired aircraft may introduce high nonlinear motions due to failures, the simulation model must comprise at 
Operating shell for DFDR analysis
For the accident analysis, the simulation software was given the capability to reconstruct the DFDR data and to perform failure mode and effect analysis. The operating shell of the software For the accident analysis, selection of engine separation will cause the simulation model to be configured according to the system architecture of the aircraft.
Reconstruction setup
The reconstruction is based on a model validation method using inverse performed by adjusting the parameters of a model structure of the damaged wing until the controller output is minimised. An additional advantage of the method is that the DFDR data, with a low sample rate, can be used directly to excite the simulation model. The reconstruction setup for the analysis is illustrated in figure 13 . A proportional feedback controller using pitch and roll data proved to be sufficient to obtain a reasonable match with measurements and simulation data.
The reconstructed flight profile of the accident aircraft, starting from lift-off to final loss of control, was divided into three separate stages or flight legs (figure 14):
Gross takeoff flight path to engine separation.
LEG#2 (t=378-647 sec):
Engine separation flight path with flaps up. 
Aircraft configuration
The aircraft failure mode configuration after the separation of the right wing engines ( figure 15) was included in the simulation and consisted of: The aerodynamic effects due to engine separation result in a lift loss and an increase of drag on the damaged wing. Consequently, an additional rolling moment due to lift loss and a yawing moment due to the drag increase on the wing will result. At higher angle of attack these effects of the Amsterdam Bijlmermeer accident (source: ref. [13] ) aircraft
Based on the estimates of damage to the right wing, a model structure of the aerodynamic effects due to engine separation was included in the simulation model for the reconstruction 3 .
The aerodynamic estimates in the model, obtained during an extensive tuning process, resulted into a reasonable match with the performance and control capabilities of the accident aircraft.
However, it should be emphasised that the aerodynamic effects due to structural failure, as characteristic for the accident flight, are very complex and difficult to determine precisely. This is especially true due to the fact that the actual amount of structural damage to the right wing was unknown. Therefore, the objective for the analysis was to obtain a physically representative model of the effect of engine separation on the aircraft flight mechanics by closely matching the characteristic trends in aircraft performance and controllability as provided by the flight data recorder. 
Flight data reconstruction
The flight stages or legs of the accident profile, as defined for the analysis, were reconstructed starting from an initial trimmed flight condition in an aircraft configuration without failure modes. The trimmed condition was obtained by the aircraft trim routines in the simulation environment. At the start of the reconstruction, engines 3 and 4 were separated from the aircraft initiating all relevant failure modes in the simulation. Subsequently, the DFDR pilot control inputs were applied to the simulation model to reconstruct the relevant stage of the accident profile.
The DFDR was recovered in a highly damaged state while the tape was broken on four places.
To improve the quality of the DFDR data for simulation and analysis, the data was further analysed and smoothed before application. Reconstruction results of the accident flight are further discussed in ref. [3] . Upper and lower rudder activity was subsequently evaluated after the separation of the engines (figures 68-73). The DFDR indicates that lower rudder authority was limited after the engines were separated from the aircraft (figure 68). To investigate the probable cause of this anomaly, rudder deflections were reconstructed for the second and third flight leg (t=378-874 s). It was found that deflections of the lower rudder, as indicated on the DFDR, were related to the flight condition at some stages. A typical effect starts at t=858 s when the aircraft loses flight control at full rudder pedal while bank angle increases. In this condition, at t=865 s, lower rudder deflection increases while upper rudder is limited and decreasing (figure 70).
Both upper and lower rudders are equipped with a dual-tandem actuator. Loss of one actuator, due to loss of hydraulic supply, will reduce the actuator hinge moment. Under some flight conditions, the available rudder will thus be limited by actuator force capability (aerodynamic blowdown). To study this effect, additional failure mode scenarios were evaluated with the reconstructed model. An actuator hinge moment less than the nominal value, applied as a failure mode to the model of the lower rudder, appeared to most closely match the rudder deflection trends as observed on the DFDR. In this failure mode condition, when full pedal is applied at t=480 s, the reconstructed lower rudder deflections appear to be consistent with the DFDR data (figure 69). It can be seen that the lower rudder is limited to about 3.2 degrees, while upper rudder is limited to 7 degrees. Analysis of the reconstructed flight data indicated that the lower rudder deflections appear to be primarily subjected to the effect of sideslip due to thrust application (figure 72). In particular, this can be seen at t=590 s when engine no. 1 and 2 thrust is reduced which causes the sideslip to decrease resulting into an increase of lower rudder authority. For the condition after the loss of flight control, analysis of the simulation model indicated that the increase of lower rudder deflection at t=860 s (figure 70) was primarily caused by a reduction of the aerodynamic blowdown effect on the lower rudder as the aircraft banks to the right. As a consequence, lower rudder authority is increased enabling the rudder to follow a combination of the commanded pedal and yaw damper commands due to yaw rate (figure 73).
Reconstructed rudder surface deflections for this condition are indicated in figure 71 (lower rudder simulated with blowdown limit of 5.1 degrees). 
Summary of simulation and analysis results
The analysis results of the flight data reconstruction and simulation of the 1992 Amsterdam Bijlmermeer airplane accident case, as presented in ref. [3] , can be summarised as follows:  The analysis software provided the tools for a detailed estimate of the flying capabilities of the aircraft. This included an analysis of several flight control system related problems that contributed adversely to the control of the aircraft. Analysis of the rudder control system indicated a possible degradation of hinge moment capabilities of the lower rudder after separation of the engines. Although it was shown that this had a significant adverse effect on controllability, no conclusions could be made with regard to the cause of this failure mode.
 Analysis of the reconstructed model using several control strategies indicated that from a technical point of view the accident aircraft was recoverable. However, the required procedures evaluated for the recovery are not part of current industry training practices for complex in-flight emergencies or handling qualities in degraded modes. It is therefore understandable that a successful recovery of the aircraft under the prevailing conditions was highly improbable.
Recommendations
The following general recommendations can be made as far as the aircraft accident case and described investigation techniques are concerned. -Control of the aircraft should have a first priority.
-If control of the aircraft can still be maintained, time should be used for an assessment of the remaining performance and control capabilities and, where necessary, try to improve it (e.g. jettison of fuel).
-Unusual attitude recovery techniques may be required to regain control of the aircraft.
-Configuration changes (e.g. flaps and landing gear) should be kept to a minimum.
-Special care should be given to airspeed and angle of attack in degraded flight conditions. Further degradation of performance and controllability may be expected at the reduction of airspeed and increase of angle of attack. For an emergency landing in these conditions, higher than nominal approach speeds should be considered. The selection of flaps should not be considered.  The presented modeling and simulation techniques may be used as a practical tool for reconstruction and simulation of vehicle and system dynamics under specific failure mode conditions in case operational recorded data is available. Depending on the application, the applied methods and simulation techniques may be modified or developed further.
 For the application of flight data for accident investigation purposes, the quality of DFDR data should be further improved. Specifically, to make recorded vehicle data more suitable for computer processing, simulation and analysis, the sample rate of the data should be as high as possible.  The reconstructed model of the accident aircraft may be further used as a research tool to evaluate advanced flight control techniques on their performance to accommodate in-flight failures.
